Flexible and transparent electrodes were fabricated with spray coating technique from paints based on multiwalled carbon nanotubes with the addition of graphene platelets. The work presents the influence of graphene platelets on the paints rheology and layers morphology, which has a strong connection to the electrooptical parameters of the electrodes. The paints rheology affects the atomization during spray coating and later the leveling of the coating on the substrate. Both technological aspects shape the morphology of the electrode and the distribution of nanoparticles in the coating. All these factors influence the sheet resistance and roughness, which is linked to the optical transmission and absorbance. In our research the electrode was applied as a transparent and elastic heating element with 68% optical transmission at 550 nm wavelength and 8.4 kΩ/◻ sheet resistance. The elastic heating element was tested with a thermal camera at the 3 diverse supply voltages −20, 30, and 60 VDC. The test successfully confirmed and supported our proposed uses of elaborated electrodes.
Introduction
Spray coating is an excellent cost-effective method of fabrication particularly for large areas of dielectric [1] , semiconducting [2] [3] [4] , and conductive coatings [5, 6] . Thanks to the relatively small thickness of the layers this method can be used to produce transparent electrodes for optoelectronic applications such as electroluminescent displays [5, 7] . This method is especially interesting since it is vacuum-free and does not require any restricted technological environment. Moreover the layers deposition can be conducted in low temperatures and on nonflat substrates; thus spray coating can be used for the fabrication of flexible electronic elements.
Carbon nanomaterials are widely used as functional phase in pastes and inks elaborated for printed electronics [8] [9] [10] [11] , the fabrication of sensors [12] [13] [14] [15] [16] , electrodes in displays [17] , antennas [18, 19] , supercapacitors [20] [21] [22] , and dyesensitized solar cells [23, 24] . They make it possible to achieve the mechanical properties that are unattainable for metal oxides such as ITO [25, 26] .
In this work two kinds of carbon nanomaterials were used as functional materials, multiwalled carbon nanotubes (MWCNT) and graphene platelets (GNP). Since they have great electrical properties [27] , they can be used for transparent layers fabrication and they also exhibit extraordinary mechanical strength [28, 29] .
Both multiwalled carbon nanotubes and graphene platelets are materials which are transparent and good electrical conductors; thus it may be supposed that the addition of graphene platelets could increase the optical transmission, while decreasing the sheet resistance of carbon nanotube electrodes. In fact, as it was shown in our previous results [30] spray coated pure GNP layers exhibit much worse electrooptical properties than pure MWCNT layers when applied as transparent electrodes. This may be related to the probability of being able to create connections between the nanoparticles which for wire-like structures seems to be higher than for those with platelet geometry. This paper presents a novel approach to the usage of graphene platelets as morphology tailoring additives. Different to the use of graphene oxide (GO) [31] our approach does not require any additional thermal [32] or chemical reduction [33] of GO to achieve suitable electrical properties. GO without the reduction is a poor electrical conductor [34] and is usually used to attach the other functional nanoparticles thanks to its large surface area functional groups [35] . The GO reduction can damage the flexible polyester (PET) substrate and is inconvenient in processing while large area electrodes are fabricated. Our results showed that small amounts of graphene platelets influence the arrangement of carbon nanotubes on the substrate which is beneficial for the electrooptical parameters of prepared electrodes. We think that the morphology tailoring of MWCNT layers via GNP addition can be an interesting alternative for the conductivity improvement by chemical processing like nitric acid treatment [36] , especially where flexible or chemically sensitive substrates are used. The application test showed that elaborated material can be successfully used for transparent and flexible heating elements.
Materials and Preparation
Spray coating paints were based on carbon nanomaterials such as multiwalled carbon nanotubes (MWCNT) and graphene platelets (GNP), which were suspended in diethylene glycol monobutyl ether acetate (DBAC).
Carbon materials were purchased from Graphene Laboratories Inc. and DBAC solvent was from Sigma Aldrich. Figure 1 (a) for MWCNT and Figure 1 (b) for GNP. Three MWCNT paints with addition of 0 wt%, 1 wt%, and 100 wt% GNP in relation to MWCNT weight were prepared, as listed in Table 1 . Firstly all paints were sonicated with higher energy for short time (for 30 s) in the ultrasonic homogenizer Sonics VCX 750 to tear the bigger agglomerates than in lower energy in the ultrasonic bath (for 30 min) to pull apart smaller ones, since prolonged sonication in high energy can damage carbon nanomaterials [37] . Homogenization of paints provides better paint performance which brings higher uniformity of coatings. Higher uniformity of electrodes is beneficial since the sheet resistance and light absorption are smaller.
To realize the suitable electrical connection between carbon layers and power cables necessary for the application test, silver contacts using L-121 commercial conductive ink from ITME were screen printed (AMI Presco 242) onto 125 m polyester (PET) foil substrate.
Carbon layers deposition was performed onto the PET substrate using specially developed spray coating equipment with an ultrafine nozzle spray gun mounted on a high speed plotter and supplied with an oil-free compressed air system. The nozzle diameter was 450 m, the air pressure was 0.3 MPa, the speed of the plotter was 300 mm/s, and the distance between the spray gun and the substrate was 120 mm. After each layer deposition samples were dried under 150 W halogen lamp for 10 seconds from 120 mm distance. Each sample was coated with 60 layers. Eventually coatings were cured in a chamber dryer in 120 ∘ C for 30 min to evaporate the solvent.
Results and Discussion
Firstly the viscosity of prepared spray coating paints was measured by Well-Brookfield cone/plate method with Brookfield DV2T rheometer. Figure 2 shows the influence of GNP addition on the paint viscosity in function of the sheer rate.
All measured paints exhibited pseudoplastic properties. Under increase of the shear rate the viscosity decreased from 100 mPa * s down to 1 mPa * s, which is near to the viscosity of water. Low viscosity under high shear rate enables efficient spray coating, while high viscosity at low shear rate protects the deposited wet layer from flowing down, if the a surface is inclined. The highest viscosity was observed for the paint MIX3 with the highest amount of GNP. The lowest viscosity in the range of shear rates grater then 350 s −1 (region where the atomisation occurs) was measured for the paint MIX2 with slight addition of GNP. The rheology of paints can have an influence on the layers morphology, since it is affecting the spray coating process in context of the liquid atomisation [38] , when the viscosity is lower than the atomisation efficiency is higher.
The morphology of investigated samples was observed with the scanning electron microscope. Pictures of layers made with paints MIX1, MIX2, and MIX3 are presented in Figures 3(a), 3(b) , and 3(c), respectively.
We can see from the SEM pictures that when graphene nanoplatelets are added, the agglomeration of carbon nanotubes is reduced and the substrate is more homogenously coated, which is beneficial for the optical transmittance of layers. It seems that MWCNT are stretched by the GNP Table 3 with the combination of optical transmittance results for = 550 nm. To compare the main electrooptical properties of electrodes figure of merit proposed by Haacke [39] was used:
where is the optical transmittance and is the sheet resistance of the transparent conductor (MWCNT and GNP paints optical transmittance and sheet resistance measurements are shown in Table 2 ).
In Figures 4(a) and 4(b) optical total transmittance tot and diffusive transmittance dif are presented for MIX1, MIX2, and MIX3. Generally optical properties are correlated with carbon nanomaterials properties [40, 41] . The highest values of optical transmission were obtained for samples made from MIX2 paint with the addition of 0.001 wt% GNP. Optical transmission is significantly higher for samples consisting of pure carbon nanotubes MIX1 than these obtained from MIX3 paints with addition of 0.1 wt% GNP.
The result shows that a small amount of GNP in paints allows depositing layers with higher transmittance and lower reflectance. The higher amount of GNP in paints causes the reduction of optical transmittance since GNP in pure form are exhibiting lower transmission values than carbon nanotubes (CNT) [42] . Diffusive transmittance in visible range is lower for MIX2 than for MIX1 and MIX3. The highest diffusive transmittance was observed for samples fabricated from MIX3 paint with addition of 0.1 wt% GNP. In the near infrared region (NIR) we observed inverse trend in spectra for MIX1 and MIX3. The diffusive transmittance is the measure of the inhomogeneity of the material. It means that the higher optical scattering is due to higher bulk material inhomogeneity. Best results as regards the optical transmittance were obtained for samples made with carbon nanotube paint MIX2 with 0.001 wt% addition of GNP. Results of optical total transmission tot and diffusive transmission dif for investigated samples were used for the determination of specular transmittance spec , which is calculated as the difference between total and diffusive transmission and presented in Figure 4 (c). The results from optical measurements show that the higher amount of graphene platelets in the layer affects in stronger absorption of the transparent electrode.
To investigate the main surface properties of transparent electrodes, the fraction of 3 × 0.15 mm of surface was scanned with the Veeco Dektak 150 3D profilometer. The surface roughness " " and average height were measured and listed in Table 3 .
Average height for all measured samples was quite similar and within 0.51-0.54 m. The MIX3 sample with higher amount of GNP had higher surface roughness 0.79 m compared to samples MIX2 with lower amount of GNP and MIX1 without GNP (0.60 m and 0.62 m, resp.). Surface roughness may have an influence on diffusive transmission since higher surface area can cause stronger scattering as can be seen in Figure 6 . If we correlate the values of roughness parameters with the values of diffusive transmittance (measured in the range from 300 to 750 nm), it can be observed that the diffusive transmission is stronger when the roughness is higher.
Since the aim of the work is related to the transparent and flexible electrodes, samples were also submitted under 150 000 bending cycles, to examine their mechanical stability in the context of sheet resistance. The measurement results are shown in Figure 4(d) .
For all samples a small decrease of sheet resistance was observed: 0.4% for MIX1, 0.1% for MIX2, and 0.8% for MIX3. Cyclic bending tests of electrodes showed their stability even after 150 000 bending cycles which is exhibiting their application potential in flexible devices.
Eventually application test as transparent elastic heating element was performed. For the realization of this task paint MIX2 was chosen as the one which lets achieving layers with the best electrooptical parameters. The sheet resistance and optical transmission for = 550 nm of transparent electrode were measured after the deposition of 1-8, 15, 30, 50, 60, and 100 layers and results are shown in Figure 5 (a). The best electrooptical parameters were observed for 60 layers of paint MIX2; thus the heating element was made from transparent electrode with sheet resistance 8.4 kΩ/◻ and 68% optical transmission for = 550. The heating element picture is shown in Figure 5 
Conclusions
All investigated layers were optically transparent and conductive. SEM and roughness measurements showed that layers made with the MIX2 paint with 1 wt% addition of GNP were the most homogenous. Paint MIX2 allowed fabricating the transparent electrodes with the highest ratio of optical transmittance to the sheet resistance which was observed in juxtaposition of electrooptical measurements. The work presented in this paper showed that the small addition of graphene platelets (1 wt% GNP in relation to MWCNT weight) may be beneficial for the homogeneity of spray coated layers by the rheology and morphology tailoring without the effect on the sheet resistance, which is usually observed when polymers or surfactants are added. Values of roughness parameters were correlated with the values of diffusive transmittance, measured in the range from 300 to 750 nm. We observed that the increase of roughness of the electrode corresponds with its stronger diffusive transmittance; thus higher amount of GNP was adverse. All investigated layers exhibited stable electrooptical parameters even after 150 000 bending cycles which shows that carbon nanoparticle coatings are promising materials in flexible applications like transparent heaters for wearable electronics which was supported by a successful application test.
